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A B S T R A C T
In order to investigate the factors inﬂuencing interhemispheric hippocampal connectivity we used fMRI
to assess the time course of hippocampal activity during a spatial memory task. Data were obtained from
14 patients with unilateral hippocampal sclerosis and focal unilateral medial temporal lobe epilepsy.
Correlation coefﬁcients between left and right hippocampal BOLD signal ﬂuctuations were determined in
each patient as a measure for interhemispheric hippocampal coupling. On the group level a non-
parametric Spearman correlation analysis was performed to assess relations of hippocampal connectivity
to age, age at epilepsy onset, disease duration, and task performance.
In all except for one patient correlation coefﬁcients between left and right hippocampal time courses
reached signiﬁcance. Interhippocampal connectivity exhibited the strongest correlation to age at onset,
i.e. patients with later onset showed greater connectivity. It was negatively correlated with disease
duration, but not with age.
Our ﬁndings underline themalicious effect of epileptic seizures on brain structures inevitably engaged
with core cognitive functions. The results suggest that a measure of interhemispheric interplay – even at
a coarse time-scale – might reﬂect the functional status of brain structures.
 2008 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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The hippocampus is the core structure within the medial
temporal lobe (MTL) memory system of the human brain
sustaining declarative memory, i.e. the memory for events and
facts.1 Bilateral hippocampal damage is followed by amnesia,2 and
even unilateral lesions evokematerial-speciﬁcmemory deﬁcits.3–5
At the same time, the hippocampus is a structure particularly
prone to generate epileptic activity, and MTL epilepsy (MTLE) is
often accompanied bymemory impairment. One type of structural
damage underlyingMTLE is hippocampal sclerosis (HS), which has
been linked tomemory disturbances as have been other factors like
duration of epilepsy, or age at onset of epilepsy.
The spatial memory task that was used in the current
experiment has been demonstrated to evoke bilateral hippocampal
fMRI activation in healthy subjects6 and in MTLE patients, with a
contralesional bias.7 It was assumed that processing this complex* Corresponding author at: NeuroCenter, University Hospital of Freiburg,
Breisacher Strasse 64, 79106 Freiburg, Germany. Tel.: +49 761 2705441;
fax: +49 761 2705003.
E-mail address: lars.frings@uniklinik-freiburg.de (L. Frings).
1059-1311/$ – see front matter  2008 British Epilepsy Association. Published by Else
doi:10.1016/j.seizure.2008.06.015task, which has verbalizable components besides its prominent
pictorial features, requires the interplay of both hemispheres. Thus
coherent activity in the hippocampi, as expected in the healthy
brain, was presumed to be disturbed and decreased in the case of
damage to one of the hippocampi.
Recently, functional connectivity analyses of fMRI data have
been used to test the functional integrity of speciﬁc networks in the
human brain.8 The clear association between interregional co-
operation as measured with BOLD-fMRI and performance in
neglect patients has demonstrated the behavioral signiﬁcance of
the observed connectivity.
We here aimed to investigate if interhemispheric hippocampal
interplay in patientswith unilateral HS is inﬂuenced by factors that
have been linked to memory performance previously: age,
duration of epilepsy, and age at epilepsy onset.9,10
2. Methods
2.1. Subjects
Fourteen patients participated in this study. Eight had
neuroradiologically identiﬁed HS in the left (LHS) and six in the
right hemisphere (RHS). All patients were recruited in the Freiburgvier Ltd. All rights reserved.
Table 1
Patient demographics and results of fMRI data analyses
Patient no. Side of hippocampal
sclerosis




Left Hc Right Hc
1 L M 0.42 +6 49 55 29 5 24
2 L M 0.25 31 19 10 49 1 48
3 L M 0.63 +4 54 59 31 22 8
4 L F 0.40 +6 17 19 43 7 36
5 L F 0.12 +57 18 66 35 1 34
6 L M 0.72 +4 63 68 43 38 5
7 L F 0.43 +27 8 14 19 8 11
8 L F 0.84 +5 43 48 40 20 20
9 R F 0.65 5 56 51 37 15 22
10 R M 0.71 46 51 19 60 39 21
11 R M 0.75 +8 17 20 41 21 20
12 R M 0.54 +40 6 14 54 9 45
13 R M 0.59 17 34 24 18 6 12
14 R F 0.49 +50 10 30 25 8 17
L, left; R, right; F, female; M, male; HCSYN, hippocampal coupling; LI, lateralization index; Hc, hippocampus.
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unilateral MTLE in each case, with seizures originating in the
temporal lobe with the sclerotic hippocampus. Mean age (S.D.) of
the patients was 37 years (15), mean age at onset was 16 years
(14), andmean duration of epilepsywas 21 years (13; see Table 1).
There was no signiﬁcant difference in these parameters between LHS
and RHS patients. Written informed consent was obtained from all
participants. The study conforms to the Code of Ethics of the World
Medical Association as laid down in the 1964 Declaration of Helsinki
and was approved by the Ethics Committee of the University of
Freiburg.
2.2. FMRI data
We obtained continuous fMRI data with a 1.5 Tesla Vision
Magnetom (Siemens, Erlangen, Germany) in axial direction (GE-
EPI, TR/TE = 4000/60 ms, 64  64 matrix, voxel size in x/y/z:
4 mm  4 mm  3.3 mm; 30 slices) during performance of a
spatial memory task (Fig. 1). The task comprised blocks of
encoding (ENC), recognition (REC), and an interspersed control
condition. During ENC trials, a video sequence presented a walk
through a virtual environment containing ﬁve objects. It was
viewed from a ﬁrst-person perspective. The objects’ positions had
to be recognized during REC trials, in which the environment was
shown from an aerial perspective containing only one object at a
time. Subjects indicated via button press if the location of the
speciﬁc object was correct or incorrect. Performance was deﬁned
as percent correct responses. During the control condition (CC) one
of the objects was presented in two different sizes. Participants
indicatedwhich onewas larger by pressing one of two buttons. The
experiment consisted of four cycles of 104 s duration each, thusFig. 1. Survey of the virtual environment that was used for the memory task.comprising four repetitions of the cycle ENC–CC–REC–CC. Blocks of
encoding and recognition had a duration of 28 s each, control
condition blocks lasted 24 s. Stimuli were generated with the
software 3DCanvas (www.amabilis.com) and presented using the
software Presentation (www.neurobs.com).
FMRI data were preprocessed using SPM5 (www.ﬁl.ion.ucl.a-
c.uk/spm) and MATLAB 7 (www.mathworks.com) including slice-
timing correction, rigid body realignment for the correction of head
motion artifacts, and normalization to a template brain (MNI152).
Images were resampled to 3 mm3 isotropic voxel size.
2.3. Analyses of hippocampal synchrony
Further analyses of single-subject time-series data were
performed with MATLAB 7 and SPSS 13 (www.spss.com). They
were restricted to voxels within two volumes-of-interest (VoI), the
left and the right hippocampus. Spatial deﬁnitions of the VoIs were
taken from the Wake Forest University Pick Atlas.11
Data analyses within each patient included calculation of the
mean signal time course over thewhole experiment in each VoI, i.e.
the left and the right hippocampus. In order to remove low-
frequency noise from the time series data, we performed high-pass
ﬁltering using a third order Butterworth ﬁlter. The cut-off chosen
was 128 s, which conforms with SPM5 fMRI analysis standards.
In each subject, Pearson correlation coefﬁcients were calculated
between time courses of both hippocampi. The correlation
coefﬁcient was taken as a measure characterizing task-related
hippocampal synchrony (HCSYN).
In the following group analyses, we calculated a non-
parametric Spearman correlation analysis using SPSS 13 with
HCSYN and age, age at onset, and duration of epilepsy as well as
task performance. Furthermore, a partial correlation coefﬁcient
was calculated between HCSYN and task performance controlling
for the patients’ age. Results were regarded signiﬁcant if they
passed a threshold of p < 0.05, all tests were two-tailed.
2.4. Analyses of task-related activation
In order to test for task-related BOLD signal increase within the
hippocampi on a single-subject level, we performed voxel-wise
regression analyses on preprocessed EPI-images with SPM5 using
the task box-car regressor and six realignment parameters as
confounds. Analyses were conﬁned to the hippocampi as deﬁned
above. The contrast ‘memory task vs. control condition’ was
calculated for each patient, thresholded at p < 0.05 (voxel-level;
uncorrected).
Fig. 2. Scatterplots depicting the relation of interhemispheric hippocampal connectivity (HCSYN) to (left) age at onset and (right) disease duration. Circles, left HS patients;
triangles, right HS patients. Line represents linear ﬁt of the data.
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and rightHcVoI as ameasure of activation level. In order to quantify
the asymmetry of hippocampal activation, lateralization indices
were computed (LI = [(R  L)/(R + L)] 100) for each patient. They
can range from100, representing complete left-sidedactivation, to
+100, representing complete right-sided activation.
At the group level, a Mann–Whitney U-test was carried out to
assess differentially lateralized activation in LHS vs. RHS patients.
Further, in a Spearman correlation analysis we tested the relation
between HCSYN and the degree of activation asymmetry, i.e. the




Performance data were available in nine patients (ﬁve LHS, four
RHS). Due to technical malfunction, button presses were not
recorded in ﬁve patients. Mean performance (S.D.) was 72 (12)%
correct responses in the LHS group, and 63 (22)% in the RHS group.




On the single-subject level, correlation coefﬁcients (HCSYN)
ranged from 0.12 to 0.84, their mean (S.D.) being 0.52 (0.25).Fig. 3. Suprathreshold voxels within the left (top) and right (bottom) hippocampal Vo
p < 0.05. Overlays on sagittal slices of the T2-weighted MNI152 template (top: x = 36/
hippocampal sclerosis; R, right. (For interpretation of the references to color in the ﬁgThey were signiﬁcant in all except for one female LHS patient (see
Table 1, patient no. 5).
On the group level, the Spearman correlation analysis for both
left and right MTLE patients revealed a signiﬁcant positive
correlation between HCSYN and age at onset (r = 0.86;
p < 0.001; Fig. 2, left), with earlier onset being associated with
lower connectivity. HCSYN furthermore exhibited a signiﬁcant
negative correlationwith duration of epilepsy (r = 0.53; p = 0.05;
Fig. 2, right). The only other signiﬁcant correlation coefﬁcient in
this analysis was the one between age and performance (r = 0.7;
p < 0.05). Thus we performed an additional partial correlation
analysis between HCSYN and performance controlling for age,
which exhibited a positive correlation coefﬁcient which was not
signiﬁcant (r = 0.39; n.s.).
3.2.2. Task-related hippocampal activation
Bilateral task-related BOLD signal increase was observed in
each patient. LI ranged from46 in an RHS patient to +57 in an LHS
patient (Table 1; Fig. 3). It was not different between groups
(Mann–Whitney U-test, n.s.). The relation between degree of
asymmetry (irrespective of direction) and HCSYN exhibited a
tendency towards signiﬁcance (r = 0.50; p < 0.075).
4. Discussion
In this study we investigated interhemispheric hippocampal
BOLD signal connectivity during a memory experiment – as a
measure of memory network integrity – in unilateral MTLE
patients with hippocampal sclerosis and observed signiﬁcantI from individual single-subject task-related fMRI analyses, voxel-level threshold
32/28/24; bottom: x = 24/28/32/36). LHS, left hippocampal sclerosis; RHS, right
ure, the reader is referred to the web version of the article.)
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earlier onset and longer duration were associated with decreased
interhippocampal coupling.
Synchrony of interconnected brain regions has predominantly
been investigated with higher temporal resolution methods, like
intracranial EEG.12 However, it has been evidenced that – despite
its coarse resolution – synchrony analyses of BOLD signal
ﬂuctuations convey useful information bearing the great
advantages of complete non-invasiveness and much better
spatial resolution (for a review, see Ref. 13). Recently, He
et al.8 were able to demonstrate the behavioral signiﬁcance of
BOLD functional connectivity, and thus linked functional con-
nectivity measures to performance in neglect patients. Likewise,
we were able to demonstrate with the same methodology as in
the current study applied to fMRI data from a verbal memory
experiment that intrahemispheric coherence between the left
hippocampus and verbal memory-related neocortical areas
reﬂects the functional integrity of the verbal episodic memory
network.14 Interhemispheric BOLD signal coupling has as well
been shown to be altered due to structural damage15 and
inﬂuenced by factors like age.16 Consequently, functional
connectivity within a neural network has been associated with
cognitive performance.
We detected signiﬁcantly correlated time courses of BOLD
signal ﬂuctuations in the left and right hippocampus in all but one
patient. An overestimation of correlation coefﬁcients between the
hippocampi due to fMRI data acquisition artifacts (e.g. scanner
drift, or physiological, neurovascular noise) was ruled out by high-
pass ﬁltering the time course data. It remains, however, unresolved
whether this coherence is driven by an effect that one hippo-
campus exerts on the other, in terms of a causal relationship of the
somewhat dominant hippocampus. Alternatively, both hippo-
campi might as well be driven by bottom-up regions providing
input (primary and secondary visual areas), or top-down control,
e.g. from prefrontal areas. Dense anatomical interconnection of the
hippocampiwith neocortical areas togetherwith their dependence
on input from sensory processing areas suggest a mixture of top-
down and bottom-up inﬂuences reaching both hippocampi in
parallel, with a bias towards verbal processing in one, and
visuospatial processing in the other hippocampus.
The malicious effects of recurrent epileptic seizures on
cognitive functions, especially memory, have been widely inves-
tigated and described. Both early age at epilepsy onset and longer
duration of epilepsy have been implicated in memory deteriora-
tion.9,10 And both chronicity and early beginning have been linked
to structural alterations, i.e. ipsilateral hippocampal volume
reduction in TLE.17 It is thus not surprising to ﬁnd that these
two factors contribute to a reduced functional integrity of the
hippocampally based declarativememory network asmeasured by
interhippocampal connectivity.
Investigation of group differences regarding task-related
activation asymmetry has not yielded a signiﬁcant result. We
ascribe this to limited statistical power of our study due to small
patient numbers, as we were recently able to demonstrate
differentially lateralized hippocampal activation in larger groups
of left vs. right MTLE patients using the same paradigm.7
Nevertheless, we did observe a negative correlation between the
degree of activation asymmetry and hippocampal synchrony
(p < 0.075): higher interhemispheric hippocampal coupling was
associated with more symmetrical task-related hippocampal
activation. Since only small proportions of the hippocampus
exhibited task-related activation (see Table 1, Fig. 3), we assume
that higher hippocampal coupling not only reﬂects symmetry of
activity related to the task (in terms of the HRF-convolved box-car
function), but also symmetry of task-unrelated activity.Furthermore, despite the small sample size in the current study,
the relation between hippocampal coupling and age at epilepsy
onset was highly signiﬁcant. This suggests that functional
connectivity might be amore robust measure for the identiﬁcation
of pathology than task-related BOLD signal increase is. Further
studies might elucidate this point.
We hypothesized that a good performance would be driven by
hippocampal interplay and thus be reﬂected by strong HCSYN.
However, data provided no conclusive evidence for a relation
between hippocampal coupling and performance (a positive
correlation coefﬁcient which was not signiﬁcant). In light of
recent publications linking connectivity to performance, we
assume that this might be due to methodological constraints of
the study, as the number of complete performance data sets was
small. It might alternatively point to compensation mechanisms
involving further cortical areas. A hyperactivation of the frontal
cortex has been reported in epilepsy18 and dementia,19 which was
interpreted as a compensatory response to unilateral hippocampal
damage and impaired hippocampal interplay.
5. Conclusion
Our ﬁndings underline the malicious effect of epileptic seizures
on brain structures inevitably engaged with declarative memory.
The results presented here suggest that a measure of interhemi-
spheric interplay – even at a coarse time-scale – is capable of
reﬂecting the functional status of brain structures. This alternative
approach to the analysis of fMRI data might prove valuable in the
detection of brain network malfunction.
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